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Abstract
The dielectric behaviour of a polymer/ceramic composite (PCC) based on ferroelectric polymer [polyvinylidene fluoride 
(PVDF)] and nano-barium titanate (n-BaTiO3), prepared under the novel cold pressing method, was investigated. Large 
enhancement of effective dielectric constant (ɛeff ~ 450) with lower loss tangent (tan δ ~ 0.9) at 50 Hz was observed for 
the PCC with 0.60 as the volume fraction of n-BaTiO3 into the PVDF matrix. The enhancement of ɛeff is attributed to the 
large interfacial polarisation arising due to the charge storage at the interfaces of the spherulites of PVDF and at the 
polymer/filler interfaces of PCC. The dielectric results have been explained on the basis of sum effect with the help of 
the standard Yamada model at 1 kHz, while the low-frequency dielectric behaviour has been explained qualitatively as a 
combination of both interfacial polarisation at the interfaces of the spherulites and the sum effect of the Yamada model. 
The achieved lower tan δ for the PCC as compared to the polymer/metal composites (PMC) is attributed to the highly 
insulating nature of PVDF and semiconducting n-BaTiO3. The thermal stability of the composites is also maintained due 
to the higher melting temperature (170 °C) of PVDF. The cold-pressed PCC based on PVDF will act as better polymer 
dielectric for electrical energy storage applications as compared to the reported cold-pressed PMC and the cold pressing 
may be an effective method of preparation (since the unnecessary introduction of thermal disorder is avoided in this 
method) in developing polymer dielectrics.
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tangent · Polymer nanocomposites

1  Introduction

Polymer dielectrics (PD) with higher energy density and 
lower loss tangent (tan δ) with higher breakdown field 
strength are the emerging materials of future for elec-
trostatic energy storage applications due to their flex-
ibility, non-toxicity, bio-compatibility, low cost, higher 
visco-elastic properties, etc. [1–12]. For this application, 
the maximum stored energy density is an important 
parameter, and for a linear dielectric, the maximum 
stored energy per unit volume is U =

1

2
K�0E

2

max,where 
K is the relative dielectric constant and Emax is the maxi-
mum electric field, which can be applied to the material 

(proportional to the breakdown field of the material) 
[4–12]. In development of these PD, over the last two 
decades of research, the ferroelectric polymers, e.g. 
polyvinyledene fluoride (PVDF) matrix, have been pre-
ferred due to its high static dielectric constant (~ 15) 
and higher visco-elastic properties and higher insulat-
ing nature as compared to other non-polar polymers 
[1–27]. The varieties of fillers, such as micro- and nano-
particles of metal, ceramic, carbon nanotube, carbon 
black, graphite, graphene, conducting, and polymer, 
are under continuous use in the development of these 
PD [1–31]. However, the development of the polymer/
ceramic composites (PCC) has been dormant over the 
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last decade of research, as the effective dielectric con-
stant (εeff ) for these composites was found to be very 
low, i.e. εeff ~ 100, at low frequencies due to the low die-
lectric constant of the polymers, as well as due to the 
conventional hot moulding process conditions [27–31]. 
In the preparation of these PCC, a very high-dielectric-
constant ferroelectric ceramic, such as PMN-PT, BaTiO3, 
and PbTiO3, with particles of size of micron order is used 
in order to have improvement in the value of εeff with 
lower tan δ. However, due to the low dielectric constant 
of the polymers, even with PVDF matrix (whose static 
dielectric constant ~ 17), much higher value of εeff with 
lower tan δ could not be achieved. Hence, in order to 
have large interfacial polarisation, the nanoparticles of 
the same ferroelectric ceramics also have been used into 
the PVDF matrix through hot moulding, and partially the 
approach becomes effective in order to get better PD 
[27–31].

In the development of these PCC based on PVDF, the 
traditional mixed technique (solution casting followed 
by hot moulding) is used, during which the spherulites 
of PVDF get lost [32], which results in getting the lower 
value of εeff. Recently, our group has developed the cold 
pressing technique in preparing the PD based on PVDF, 
due to which the spherulites [32] of PVDF are retained, 
and they help in the additional storage of electrical 
charge due to the created additional interfaces, which 
results in higher interfacial polarisation, and hence, the 
higher value of εeff is achieved [5, 13–17].

In developing these PD, among the variety of fillers, 
except the insulating ceramic fillers, mostly the polymer/
metal or conductor composites (PMC) have undergone 
research, in the last two decades by various research 
groups [7–26]. The origin of interest in these PMC is that, 
in these composites a very high value of εeff, is achieved 
due to the percolative second-order insulator to metal 
transition (IMT) at the percolation threshold (fc). At fc, the 
εeff, tan δ, and effective ac conductivity (σeff ) undergo 
sharp increment due to the IMT and fc becomes the point 
of discontinuity for εeff in the case of PMC [33]. However, 
the main drawback of these PMC, which inhibits them 
from their technological applications, is the unwanted 
higher value of tan δ and σeff.

Hence, in order to overcome the major difficulty of 
these PD (higher value of tan δ) based on PMC, the inter-
est on the PCC-based PD should be focused with novel 
method of preparation in order to have lower value of 
tan δ along with the higher value of εeff. One of the very 
simple methods in finding the true percolation behav-
iour of PMC is the preparation of cold-pressed compos-
ites by Panda et al. [5, 13–17], in which the spherulites of 
PVDF are retained and higher εeff is observed due to the 

additional storage of electrical charge at the interfaces 
of the spherulites of the composites.

Hence, we do believe that by changing the traditional 
process condition (hot moulding of the thick films pre-
pared from solution casting) to the cold pressing method, 
developed by our group, in which the spherulites of PVDF 
will be retained for the case of PCC (like that of the PMC), 
definitely higher value of εeff will be achieved [5, 13–17], 
with lower tan δ due to the high-dielectric-constant insu-
lating ferroelectric ceramics. Hence, in order to develop 
a PCC with high εeff and lower tan δ, ferroelectric poly-
mer (PVDF) and high-dielectric-constant nano-ceramic 
(n-BaTiO3) with particle size ~ 100 nm (having large surface 
area) were selected, and the prepared composites have 
undergone the microstructural, dielectric, and electrical 
conductivity measurement for finding their suitability of 
applications.

2 � Experimental details

A series of PCC based on PVDF with varying volume frac-
tion of n-BaTiO3 (fBaTiO3) from 0.0 to 0.60 were prepared. The 
composite powders of PVDF (Alfa Aesar) and the n-BaTiO3 
(Aldrich) with particle size < 100 nm were prepared with 
different fBaTiO3 by mixing with agate mortar/pestle for 2 h, 
and the final samples were taken in the form of pellets 
under room temperature consolidation at a pressure of 
30 MPa with the help of a hydraulic press. The microstruc-
ture investigation on the samples was carried out with the 
help of FESEM from FEI Company of USA (SE Asia) Pte, Ltd. 
(Model No. SEM 450). The electrical measurements were 
made on all the PCC in the frequency range of 50 Hz to 
5 MHz and in the temperature range of room temperature 
to 100 °C with the help of the LCR HiTESTER (Model No. 
Hioki 3520). The dielectric results of the PCC have been 
understood with the help of Yamada model fitted with the 
help of the software Mathematica.

3 � Results and discussion

3.1 � Microstructure

The FESEM micrographs of the cold-pressed pure PVDF 
(Fig. 1a, b) and PVDF/n-BaTiO3 composites with differ-
ent fBaTiO3 up to 0.60 are shown in Fig. 1c–f. Figure 1a, 
b shows the presence of spherulites (the spherical 
semi-crystalline regions of the polymer) in the cold-
pressed PVDF, while both the spherulites and large cre-
ated unfilled like structures (due to the cold pressing) 
are observable from the micrographs (Fig. 1c–f ). The 
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diameter of the spherulites present in the polymer is 
of the order of ~ 0.1 µm (Fig. 1a, b). Interestingly, the 
n-BaTiO3 taken is of size 100 nm, i.e. 0.1 µm, of the order 
of diameter of the spherulites. During cold pressing, the 
n-BaTiO3 clusters may have taken the shape (Fig. 1c–f ) 
inside the polymer matrix, which is of large benefit in the 
storage of electrical charge. From all the micrographs, it 
is clear that a various types of interfaces have appeared 
in the composites and are useful in the storage of electri-
cal charge at the interfaces.

3.2 � Dielectric properties

The variation of ɛeff and tan δ of the prepared series of PCC 
as a function of frequency at 300 K is shown in Fig. 2a, b, 
respectively. The value of ɛeff at 50 Hz for the 0.0 sample 
is 16, while this value increases up to 120 linearly up to 
the PCC with fBaTiO3 = 0.5 and after that it increases up to 
the value of 330 and 420 for the samples with fBaTiO3 = 0.55 
and fBaTiO3 = 0.60, respectively. The higher value of ɛeff 
for the fBaTiO3 = 0.55 and fBaTiO3 = 0.60 is due to the large 
interfacial polarisation arising both due to the presence 

Fig. 1   FESEM micrographs of cold-pressed PCC. a Pure PVDF (lower resolution), b pure PVDF (higher resolution), c fBaTiO3 = 0.2 (lower resolu-
tion), d fBaTiO3 = 0.2 (higher resolution), e fBaTiO3 = 0.6 (lower resolution), and f fBaTiO3 = 0.6 (higher resolution)
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of spherulites and created large interface like structures 
during cold pressing, while the spherulites are always lost 
for the hot-moulded samples (Fig. 3).

Figure  3 shows the static dielectric constant (εr) of 
the cold-pressed pure PVDF is ~ 16, i.e. higher than the 
εr of hot-moulded pure PVDF (~ 10) due to the loss of 
spherulites (Inset, Fig. 3) of the polymer. The value of ɛeff 
decreases with increase in frequency for all the PCC due to 
the absence of contribution from interfacial polarisation at 
higher frequencies where only the contribution from dipo-
lar and atomic polarisation exists. A very low tan δ for the 

PCC with fBaTiO3 = 0.6 (having highest ɛeff = 420 observed 
at 50 Hz) was found to be only 0.9 at 50 Hz and that value 
also decreases with increase in frequency, and the trend 
of decrement is also observed for all the PCC. However, 
in the recently reported cold-pressed PMC [13], the tan δ 
value was reported to be 10 at 50 Hz (Inset, Fig. 2b) for the 
percolative sample, with ɛeff ~ 2000. Hence, the PMC at fc 
shows ten times higher value of tan δ in comparison with 
the result of PCC, although both types of polymer com-
posites are prepared by the same cold pressing procedure.

The ɛeff, σeff, and tan δ of the composites as a function of 
fBaTiO3 at different frequencies are shown in Fig. 4. The ɛeff 
rises linearly from 16 to 120 when fBaTiO3 increases from 0.0 
to 0.50 at 100 Hz, while due to the large interfacial polari-
sation occurring due to the presence of spherulites and 
interfaces at the PCC, the ɛeff increases largely from 120 
to 350 and 420 for fBaTiO3 = 0.55 and 0.60, respectively. It 
was found that the expression developed by Yamada et al. 
(which is a model for explaining the sum properties of the 
composite) can fit the dielectric data very well (Fig. 4b) at 
frequency 1 kHz or above. The model is given by

where �eff is the effective dielectric constant of the com-
posite, KPVDF and KBaTiO3

 are the dielectric constants of 
the polymer matrix and the ceramic, respectively, fBaTiO3

 
is the volume fraction of the ceramic and ‘n’ is a param-
eter related to the geometry of ceramic particles [23]. The 
values of KPVDF , KBaTiO3

 , and n obtained from the fitting of 
Eq. (1) to the experimentally measured dielectric data of 
the composites are 17, 1600, and 10, which are in good 
agreement with the earlier literature [n = 10.6 for PVDF/PZT 
composites, that found in Ref. 22]. The important point we 
would like to communicate here is that the Yamada model 
could not be fitted with the experimental dielectric data 
of 100 Hz or low frequencies, as the additional contribu-
tions of electrical charge (in addition to the presence of 
sum properties of both the components) at the interface 
of the spherulites (due to cold pressing) give rise to rapid 
enhancement of �eff . The analysis suggests that a modified 
Yamada model may be developed at low frequencies, to 
account for the contribution of both sum properties and 
spherulites, which remained as a challenge to take care 
of the spherulites in this type of cold-pressed PCC. It is 
important to point out here that, it should be a challenge 
for theoretical work not only for this investigated case of 
PCC but also for any other PCC containing spherulites [i.e. 
containing some additional interfacial polarisation over 
the conventional sum effect] to be established as a general 
work. 

(1)

�eff = KPVDF

[

1 +
nfBaTiO3

(KBaTiO3 − KPVDF)

nKPVDF + (KBaTiO3
− KPVDF)(1 + fBaTiO3

)

]

,

Fig. 2   Variation of a ɛeff and b tan δ as a function of frequency at 
300 K for the PD, Inset: tan δ ~ frequency for some typical percola-
tive PMC samples showing higher tan δ [13]

Fig. 3   Variation of dielectric constant (εr) with frequency for both 
cold and hot press PVDF, Inset: the FESEM micrograph of the cold/
hot-moulded PVDF showing the presence/loss of spherulites at 
temperature higher than the room temperature
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The σeff and tan δ for all the composites increase with 
the increase in fBaTiO3

 in the PCC slowly, suggesting the 
semiconducting nature of the BaTiO3 nano-ceramics, 
thereby becoming very helpful in the reduction in tan 
δ with achieved higher �eff(~ 400). With fBaTiO3

 = 0.6, the 
σeff value varies within 10−8–10−4 Ω−1cm−1 for frequency 
varying between 50 Hz and 5 MHz, while the value of tan 
δ is maintained in between 0.1 and 0.9. The value of σeff 
and tan δ is also found to be increasing with increase in 
frequency, suggesting primarily the hopping type of AC 
conduction in the PCC. Similarly, σeff value for all the PCC 
was found to be very low, i.e. less than 10−4 Ω−1 for all the 
PCC and that value also almost remains constant over the 
entire frequency range. The tan δ increases slowly as a 
function of fBaTiO3 and was found to be less than 0.9 even 
with the PCC having fBaTiO3 = 0.6.

The thermal stability of the PCC was checked by meas-
uring the electrical parameters as a function of tempera-
ture and is given in Fig. 5. It was found that for fBaTiO3 = 0.4 
(Fig.  5a) and fBaTiO3 = 0.50 (Fig.  5b), the low-frequency 
(50 Hz) value of ɛeff is maintained at a thermal stabilised 
value of 90 and 130 (with their corresponding decrement 
as a function of frequency) as a function of temperature 
from 40 to 100 °C. The stabilisation of ɛeff is attributed to 
the major effective contribution coming from the sum 
properties of the dielectric constant of both the compo-
nents. However, for the samples with fBaTiO3 = 0.55 and 
0.6, the reached ɛeff ~ 350 and 420 value arises due to 
the sum properties of the dielectric constant of both the 

components and also due to the major contribution of the 
spherulites. Hence, with the increase in temperature, the 
ɛeff decreases due to the diminishing of the spherulites of 
the PCC (Fig. 5c, d). Hence, the spherulites are always use-
ful at room temperature in case of PCC for achieving high 
value of ɛeff with lower tan δ.

3.3 � Electrical conductivity

The variation of ac conductivity (which has been calcu-
lated as �ac = ��0� tan � ) as a function of frequency (con-
ductivity spectrum) at different fBaTiO3 is shown in Fig. 6. 
The σeff as a function of frequency was found to be the 
hopping type of conductivity satisfying the Johnscher’s 
fractional power law of AC conduction [34–36]. It can be 
observed that the plot shows dispersion of ac conduc-
tivity with frequency for all the PCC corresponding to 
fBaTiO3≤ 0.20, agrees very well with Eq. (2), i.e.

with the σdc part becoming zero and the value of k ~ 1. 
The absence of dc conductivity for the samples with 
fBaTiO3≤ 0.20 can be interpreted as the non-presence of 
percolating paths (being formed from the semiconduct-
ing BaTiO3 nano-ceramics in the PVDF matrix) due to the 
insufficient fBaTiO3. It can also be observed that the long-
range dc conduction starts to appear for fBaTiO3= 0.3–0.5, 
but a good fit of Eq. (2) could not be obtained for them as 
the percolating paths were not sufficient. But interestingly, 

(2)�ac(�) = �dc + A�
k ,

Fig. 4   Variation of a ɛeff 
experimentally, b fitting of ɛeff 
experimental data at 1 kHz 
with Yamada model as a func-
tion of fBaTiO3, c σeff and d tan δ 
as a function of fBaTiO3 for vari-
ous frequencies at 300 K
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for the samples with fBaTiO3≥ 0.55, a mixed conductivity is 
found, i.e. a dc plateau up to a certain frequency, separated 
by ac conductivity beyond that frequency. The plateau in 
the conductivity spectrum occurs due to the appearance 

of long-range dc conductivity. At higher frequency, the 
conductivity becomes more or less with fBaTiO3 dependent. 
This frequency at which the change in slope takes place is 
known as the “hopping or critical frequency ωH,” and it can 
be observed that ωH increases with increase in fBaTiO3 as it 
can be observed that the length of dc plateau increases 
with increase in fBaTiO3 from 0.3 to 0.6 [34–36].

However, the value of ‘k’ lies well within the Johnscher’s 
universal regime [0, 1] suggesting the validity of John-
scher’s power law in all the PCC universally.

4 � Conclusions

In conclusion, the microstructural and ac electrical char-
acterisation of a PCC with two component composites, 
e.g. PVDF/n-BaTiO3 prepared through the effective cold 
pressing method as a function of frequency and tem-
perature and fBaTiO3, were investigated. It is found that 
the enhancement of ɛeff of PCC based on PVDF matrix 
is largely enhanced by the cold pressing process con-
ditions, due to the retention of the spherulites during 
sample preparation. It is also found that this cold press-
ing method is more suitable to the PCC based on PVDF 
matrix (since very low value of tan δ ~ 0.9 is observed) in 
comparison with PMC based on PVDF matrix in which 
large value of tan δ ~ 10–100 is observed. The spherulites 
present in PVDF matrix are always helpful in maintaining 

Fig. 5   Variation of ɛeff as a 
function of frequencies for the 
temperature varying from 40 
to 100 °C for varying fBaTiO3. a 
0.40, b 0.50, c 0.55, and d 0.60

Fig. 6   Variation of a σeff experimentally and b σeff fitted with John-
scher’s Power law, as a function of frequency
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the ɛr and in increasing the ɛeff of PCC/PMC. The enhance-
ment of dielectric results has been explained with the 
help of the both interfacial polarisation at the interfaces 
of the spherulites and the well-established Yamada 
model to account for the sum effect observed in these 
PCC. The development of a theoretical work remained 
as an open challenge to account for both the contribu-
tion of interfacial polarisation and the conventional sum 
effect presents in this type of PCC. A long-range dc con-
ductivity appears at fBaTiO3≥ 0.55, and the Johnscher’s 
universal fractional power law is well satisfied for all the 
PCC. The ac hopping conduction, which is the mecha-
nism in these disordered materials have been confirmed 
in all PCC. We found that the dynamics of charge carriers 
are fBaTiO3 and temperature dependent. Again in order to 
have the applications of PD, the focus of research should 
be concentrated on still achieving the lower and lower 
tan δ, which will increase the dielectric field strength as 
well as the high energy density, suitable for electrical 
energy storage applications.

In this work, the use of commercial n-BaTiO3 was 
decided as a component of the PCC, instead of fresh syn-
thesised n-BaTiO3, because the study was mainly focused 
on the method of preparation, i.e. the cold pressing 
method in place of the traditional hot moulding process, 
and the research was not based on fillers, and it was also 
found that cold pressing is an effective method in the 
development of PD based on PVDF. However, in future 
works, the use of sensitised barium titanate as well as 
functionalised nano-ceramics will be introduced into the 
polymer matrix, and the effect has to be studied. Again 
another important point, we would like to mention that 
since in the cold pressing method, no unnecessary outside 
thermal disorder is introduced into the PCC, which leads 
to the development of a better stabilized sample; hence, it 
acts as an effective method of preparation of the PD hav-
ing its own advantages.
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